Structured photons are nowadays an interesting resource in classical and quantum optics due to the richness of properties they show under propagation, focusing and in their interaction with matter. Vectorial modes of light in particular, a class of modes where the polarization varies across the beam profile, have already been used in several areas ranging from microscopy to quantum information. One of the key ingredients needed to exploit the full potential of complex light in quantum domain is the control of quantum interference, a crucial resource in fields like quantum communication, sensing and metrology. Here we report a tunable photon-photon interference between vectorial modes of light. We demonstrate how a properly designed spin-orbit device can be used to control quantum interference between vectorial modes of light by simply adjusting the device parameters and no need of interferometric setups. We believe our result can find applications in fundamental research and quantum technologies based on structured light by providing a new tool to control quantum interference in a compact, efficient and robust way.
During the last century quantum mechanics has allowed to describe how even a simple object like a semitransparent surface, can reveal unexpected phenomena like the HongOu-Mandel effect [1] . In this case indeed light exhibits a behavior that cannot be predicted by classical theory and can only be explained by considering a purely quantum effect called particle-particle interference [2] . Today bosonic coalescence is a key ingredient in photonics; it is exploited in many essential tasks: from the characterization of single photon sources to the measurement of the coherence time of photons and their degree of distinguishability. Moreover, it lies at the core of the generation of NOON states [3] , a key tool in quantum metrology [4] , of entanglement swapping and teleportation [5] , of quantum fingerprinting [6] and quantum cloning [7] [8] [9] [10] [11] . Finally, quantum interference between two or more photons is nowadays a central resource in quantum computation [12] [13] [14] [15] [16] [17] [18] [19] and quantum optics in general [20] .
The fundamental reason for the appearance of photonphoton interference lies in the bosonic nature of light and the impossibility to discriminate between one photon or the other when their modes are totally superimposed. In the original Hong-Ou-Mandel experiment, two photons are sent in the two input ports of a symmetric beam splitter and their indistinguishability is tuned by changing their time delay in order to match all their degrees of freedom. When the time delay is set to zero the two photons are completely indistinguishable and their annihilation/creation operators are identical. As a result, the probability of detecting one photon on each output port vanishes as the final state is a superposition state of two photons exiting from the same port: the so-called photon bunching [1] . However this effect is not restricted to beam splitters and can be in general observed every time two (or more) particles are mixed in a way that is impossible to discriminate their contribution to the final state [21] [22] [23] . Since the time delay is just one possible degree of freedom that can be tuned for quantum interference, other control parameters could be adopted, for instance spectral shape, path superposition, spatial modes and polarization.
Polarization in particular is usually considered to be uniform across the beam profile, however it is also possible to build vectorial beams where the polarization state varies along the transverse plane according to specific geometries. The most commonly exploited vectorial beams are the ones corresponding to radial and azimuthal polarization. These states belong to a particular class of vector beams (vector vortex beams, VV) with cylindrical symmetry [24] and show peculiar features under strong focusing [25] and symmetry properties, useful for quantum communication [26, 27] . Radial and azimuthal polarization are just an example of vector beams since the polarization pattern can exhibit in general a complex structure across the beam profile with interesting applications in a plethora of fields ranging form optical trapping to metrology, nanophotonics, microscopy, quantum information, both in classical and quantum regimes [28] [29] [30] [31] [32] [33] [34] . Within quantum information, vector beams have been recently adopted to encode, send and store information [35, 36] . Despite the large development of vector vortex beams applications in the quantum domain, a fully controlled quantum interference between two photons in complex modes has never been observed up to now. Here we fill this gap by reporting an experiment where quantum interference between two photons in two different vectorial modes is observed and controlled by adjusting the parameters of a device that acts as a tunable beam splitter for such modes.
In this article, we observe quantum interference in a spin-orbit coupler device (q-plate) [37] between photons in vector vortex modes. The q-plate here acts as a beam splitter for two different co-propagating vector vortex beams. By tuning the two main parameters of the q-plate we modarXiv:1710.11620v1 [quant-ph] 31 Oct 2017 ify the amount of quantum interference between the two structured photons and then control the quantum phase in the output state. Our results demonstrate the possibility of tunable quantum interference between vectorial modes of light and hence provide a new tool for quantum experiments with structured light to control two-photon quantum interference in a compact, stable and efficient way.
Q-PLATE ACTION IN THE VECTOR VORTEX BEAMS SPACE
A convenient way to represent vector vortex beams is through ket states |π, where π refers to the polarization state and represents a photon carrying quanta of orbital angular momentum [38] . Let us consider a Hilbert space spanned by the basis states {|R, +m , |L, −m } where R/L stand for circular right/left polarization states respectively. These states correspond to light modes with a uniform circular polarization profile in an OAM eigenstate. By considering balanced superpositions of the basis states we obtain linear polarized light modes with the polarization direction varying across the transverse profile of the beam:
For each order m the VV beam space can be also represented geometrically via an hybrid Poincaré sphere [39, 40] where the basis states, corresponding to circular polarizations, coincide with the poles while all the linear polarized states lie on the equator. When m = 1 we have the first order vector vortex beams subspace wherer 1 andθ 1 correspond to the radial and azimuthal polarization states respectively.
A compact way to generate and measure VV beams is through a q-plate [37] , a liquid crystal inhomogeneous slab where the orientation α of the liquid crystals molecular director depends on the position, represented by the polar coordinates (r, ϕ), in the following way:
Here ϕ is the azimuthal angle defined in the slab plane, q is the topological charge of the device and α 0 is an offset angle. The q-plate introduces a phase shift δ which can be controlled via an externally applied voltage [41] . When δ = π and q = m/2 the q-plate acts as an interface between the polarization space and the VV space of order m allowing to generate and measure vector beams by simply acting in the polarization spaces [38, 42] . Interestingly, a q-plate with topological charge q = m allows to operate transformations within the VV space of order m [43] . The transformation matrix of this QP in the basis {|R, +m , |L, −m } reads indeed:
Such transformations can be represented by orbits on the hybrid Poincaré sphere and can be controlled by tuning the device parameters δ and α 0 (see Fig. 1a ,c).
If we now define a † 1m (a † 2m ) as the creation operator for a photon in the state |R, +m (|L, −m ), the action of the q-plate reads:
and the final state is in general a superposition of the input modes. When α 0 = 0, the transformation (6) is formally equivalent to a beam splitter matrix with a tunable reflectivity that depends on δ. In particular, for δ = π/2 the q-plate behaves as a symmetric beam splitter. The main difference with a standard beam splitter is that the q-plate does not act on the direction of propagation of light but on two co-propagating structured photons in different vectorial modes. Let us now study the transformation operated by such a q-plate on a two photons input state and check for quantum interference effects:
For δ = π/2 (and any value of α 0 ) we observe total photon bunching and the number of coincidences on the two different modes is null (Fig.1b) . Moreover the final state is a NOON state with N = 2 with a phase that depends on α 0 and can then be tuned by simply rotating the q-plate [43] (the only exception is the case q=1 where the angle α 0 needs to be set during the manufacturing process). More in general, the control of the output state via δ and α 0 can be a resource for further quantum information processing when the device is used for instance in a more complex setup like a quantum network.
To fully characterize the action of the device, let us now consider a photon in a varying linear polarization mode. Without losing generality, we can consider the action of the q-plate on the creation operators (a † rm , a † θm ) corresponding 
The transformation induced by a q-plate with q = m on a m-th order VV beam can be represented by an orbit on the corresponding hybrid Poincaré sphere. Different values of α0 correspond to different orientations of the rotation axis in the S1S2 plane while the orbit is explored by changing the retardation δ of the device. a) When the input photon states lie on the poles the q-plate transformation orbit is a full circle for any α0 value. b) Two photon coincidence probability for the corresponding orbits can be tuned by changing the q-plate phase δ. Such probability does not depend on the offset angle α0. c) Different orbits for different angles α0 for a state lying on the equator (in this case |rm ). Each angle corresponds to a different dependence of the coincidence probability d) respect to the phase δ introduced by the q-plate.
to the states |r m and |θ m The matrix (6) in this new basis reads:
θm |0 is transformed as follows:
For α 0 = 0 the first two terms vanish and there is no quantum interference, since a † rm and a † θm are eigenstates of the q-plate transformation for α 0 = 0. Hence these two states are never mixed by varying δ and they are always completely distinguishable. However, when α 0 = 0 the coincidence probability depends on the phase (δ) introduced by the q-plate. Quantum interference can be controlled by tuning q-plate parameters as shown in Fig. 1 d where the probability of measuring photon coincidences due to the a † rm a † θm contribution are plotted as a function of the phase δ of the q-plate for different values of α 0 . In the particular case of α 0 = π/4 such probability is P rθ = cos 2 (δ) exactly as for the case of circular polarizations. When total photon bunching occurs, the two initially independent photons, that were in two orthogonal complex polarization modes, are forced to exit the device in the same vector vortex mode.
Although the calculation has been carried out for the states |r m and |θ m the q-plate effect can be easily derived for any linear combination of a † 1m and a † 2m . As a further example we can consider the states |â m and |d m (whose creator operators are a † am and a † dm respectively) that can be obtained by locally rotating the polarization direction by π/4 in |r m and |θ m respectively and, together with the other two bases here considered, form a complete set of mutually unbiased bases useful in quantum cryptography applications. Due to the geometry of these states, the only difference with respect to the previous case is that the effect of α 0 orientation is shifted by π/4 on the α 0 axis.
OBSERVATION OF VECTOR VORTEX BEAM BOSONIC COALESCENCE
To obtain quantum interference with structured light we generate a photon pair in first order vector vortex beams and control particle-particle interference by tuning the parameters of a q-plate. More in detail, a photon pair is produced by exploiting spontaneous parametric down conversion process (SPDC). The generated photons are sent through the experimental apparatus depicted in Fig. 2 . Firstly the two photons are synchronized through a delay line that changes the optical path for one of them in order to control their temporal mismatch ∆t (see Methods). Once the photons are temporally synchronized, their polarization is rotated, so that both photons end up in the same output of the in-fiber PBS in the state |H, 0 |V, 0 . In the generation stage the vector modes are created by first controlling the two photon polarization state via a quarter wave plate and a half wave plate and then by sending them in a q-plate with topological charge q = 1 2 (QP1) [38] . Accordingly, vector vortex modes of order m = 1 are generated. For the sake of notation simplicity we will omit the subscript m from creation operators and ket states when referring to first order modes m = 1. We generated three different inputs:
FIG. 2. Experimental apparatus:
In the synchronization stage, photon pairs with orthogonal polarization are generated via Spontaneous Parametric Down Conversion (SPDC) process, synchronized within their coherence time via a delay line and finally coupled into a fiber-based polarizing beam splitter. At the exit port of the fiber-PBS, the two photons are spatially and temporally matched and with orthogonal polarization states. In the generation stage the photons are then converted into vector vortex state by employing the q-plate "QP1" with topological charge q = 1/2. Different polarization states (controlled with birefringent waveplates) correspond to the generation of different states in the vector vortex modes space. Once vector vortex modes are generated they pass through a second q-plate "QP2" with topological charge q = 1 where tunable two-photon interference between vectorial modes takes place. This effect is tuned by changing the parameter δ of the q-plate via an externally controlled voltage, and the offset angle α0 (in this experiment α0 = 0 and α0 = π/4). In the detection stage another q-plate "QP3" with topological charge q = 1/2 converts back the vector vortex modes into uniform polarization states, which are measured with birefringent waveplates and a bulk polarizing beam splitter (PBS). The photons are then coupled into single-mode fibers and collected by single-photon detectors connected to a coincidence box.
the generation, the vector vortex modes are sent through a second q-plate (QP2) with topological charge q = 1 to perform the transformations described by equations (6) and (10) . Here quantum interference takes place and can be tuned by acting on the two parameters δ and α 0 of the device. Since the q = 1 geometry is the only one for which α 0 cannot be tuned by simply rotating the device, we performed the experiment with two different q-plates one with α 0 = π/4 and one with α 0 =0 respectively. These two q-plates had been previously characterized in order to completely map the external applied voltage into the phase shift δ [41] . In the final stage of the experiment, the two photons are sent through the detection stage, where a third q-plate with topological charge q = 1 2 (QP3) together with a polarization analysis setup allows measuring photons coincidences (with two single photon detectors) in an arbitrary basis of the VV beams space [38] .
The experimental results are reported in Fig. 3 and Fig. 4 . The first reports the number of coincidences as a function of the phase shift δ introduced by QP2 when the photons are temporally synchronized ∆t = 0. The three columns a, b and c correspond to three different twophoton input states and each row to a different value of α 0 namely α 0 = 0 and α 0 = π/4. The geometry of the two qplates are reported as insets in the plots, α 0 =0 (top, green box) and α 0 = π 4 (bottom, purple box). When the input state is a † 1 a † 2 |00 (Fig.3a) , quantum interference depends only on the q-plate parameter δ as predicted in Fig. 1b , showing no dependence on α 0 . The coincidence counts in the basis {|R, +1 , |L, −1 } are reported in Fig.3a together with the best fit curve according to equation (9) . When the input photons are in radial and azimuthal states a † r a † θ |00 (Fig.3b ) the coincidence probability in the {|r , |ϕ } basis is constant for α 0 = 0 but quantum interference occurs for α 0 = π/4 as predicted by the equation (11) on which the best fit curves are based. Finally in Fig.3c the coincidence probabilities for a † a a † d |00 measured in the {|a , |d } basis are shown. As predicted by theory the behavior is similar to the radial and azimuthal case but the α 0 dependence is shifted by π/4.
Later, we measured photon coincidences as a function of the temporal delay ∆t between the two photons for fixed values of δ. The input state was a † 1 a † 2 |00 and the coincidences were measured in the basis {|R, +1 , |L, −1 }. In Fig. 4 are reported the results when δ is set to induce full quantum interference (column a) and to induce no quantum interference (column b). The two rows correspond to the two different q-plates used in the experiment: α 0 =0 (top, green box) and α 0 = π 4 (bottom, purple box). We observe the typical Hong-Ou-Mandel dip (photon bunching at ∆t = 0) only when quantum interference is enabled by the q-plate action. All the error bars are obtained by considering a Poissonian photon statistic. (bottom row, purple box).
CONCLUSIONS AND DISCUSSIONS
Structured photons are becoming an interesting resource for quantum optics due to the richness of properties they show under propagation and in their interaction with matter [32] . However, one of the ingredients needed to exploit the full potential of complex light in quantum domain is the control of quantum interference. Here we have reported a tunable photon-photon interference between structured modes of light. Our experiment shows how a properly designed q-plate can be used to control quantum interference between vectorial modes of light by simply adjusting the device parameters. This feature can be used for instance in quantum optics experiments with structured light to control the degree of distinguishability between copropagating photons. One immediate application can be the controlled generation of NOON states of vector beams for quantum metrology applications [31] . In quantum information our result allows performing operations based on quantum interference (entanglement gates, Bell state analysis) when information is carried by photons in vector modes and with no need of interferometric setups. More in general we believe this result provides a new tool for the wide and stimulating area of fundamental research and quantum technologies based on structured light.
METHODS

Photon's synchronization:
Photon pairs were generated by a parametric down conversion source, made of a 2 mm thick nonlinear crystal of beta barium borate (BBO) illuminated by a pulsed pump field with λ = 392.5 nm. After spectral filtering and walk-off compensation, photons are simultaneously sent to an in-fiber polarizing beam splitter (PBS1). The temporal synchronization is achieved exploiting a delay line which is placed on one of the two photons' paths, right before one input of the in-fiber PBS1. To send the input states into the measurement apparatus, the photons' polarizations are compensated in order to make them exit the PBS1 from the same output mode. 2 |00 after they pass through q-plate QP2 with a fixed phase shift δ. a) δ is set to induce full quantum interference and coincidences are registered adopting a q-plate with α0=0 (top, green box) and α0= π 4 (bottom, purple box) b) δ is set to induce no quantum interference and coincidences are registered adopting a q-plate with α0=0 (top, green box) and α0= 
